Abstract Purpose: Elevated phospholipase D (PLD) activity provides a survival signal in several human cancer cell lines and suppresses apoptosis when cells are subjected to the stress of serum withdrawal. Thus, targeting PLD survival signals has potential to suppress survival in cancer cells that depend on PLD for survival. Honokiol is a compound that suppresses tumor growth in mouse models. The purpose of this study was to investigate the effect of honokiol on PLD survival signals and the Ras dependence of these signals. Experimental Design:The effect of honokiol upon PLD activity was examined in human cancer cell lines where PLD activity provides a survival signal.The dependence of PLD survival signals on Ras was investigated, as was the effect of honokiol on Ras activation. Results: We report here that honokiol suppresses PLD activity in human cancer cells where PLD has been shown to suppress apoptosis. PLD activity is commonly elevated in response to the stress of serum withdrawal, and, importantly, the stress-induced increase in PLD activity is selectively suppressed by honokiol. The stress-induced increase in PLD activity was accompanied by increased Ras activation, and the stress-induced increase in PLD activity in MDA-MB-231breast cancer cells was dependent on a Ras. The PLD activity was also dependent on the GTPases RalA and ADP ribosylation factor. Importantly, honokiol suppressed Ras activation. Conclusion:The data provided here indicate that honokiol may be a valuable therapeutic reagent for targeting a large number of human cancers that depend on Ras and PLD for their survival.
Phospholipase D (PLD), which catalyzes the hydrolysis of phosphatidylcholine to phosphatidic acid and choline, has been implicated in cellular signals that suppress apoptosis and contribute to the survival of cancer cells (1, 2) . Elevated PLD activity leads to the elevated expression of Myc (3) and stimulates the activation of mammalian target of rapamycin (mTOR; refs. 4, 5) , which has been implicated in survival signals in a wide variety of human cancers (6) . Elevated PLD activity also suppresses the tumor suppressors p53 (7) and protein phosphatase 2A (8) . Thus, there is a growing body of evidence implicating PLD in survival signaling-in that many of the downstream targets of PLD have been implicated in the suppression of apoptosis and the survival of cancer cells.
Consistent with the ability of PLD to stimulate signals implicated in cancer cell survival, elevated PLD activity has been observed in several human cancers, including breast, kidney, colon, and gastric cancer (2) . In addition, elevated PLD activity has been observed in several human cancer cell lines, including those from breast, lung, pancreatic, prostate, and kidney cancers (9 -13) . More importantly, suppression of PLD activity in cancer cells with elevated PLD activity resulted in apoptosis (9, 10, 13 -15) . Thus, a substantial body of evidence indicates that elevated PLD activity stimulates survival signals in many human cancers.
Activated Ras proteins stimulate increases in PLD activity (16) . The PLD1 isoform is constitutively associated with RalA (16, 17) , a downstream target of Ras signaling (1) . Many of the cancer cell lines with elevated PLD activity have activating mutations in Ras (12) . 5 Thus, a critical target of Ras signaling in human cancers with activating mutations could be PLD. Consistent with this hypothesis, Counter and colleagues (18) reported that the most critical target of Ras in the transformation of human cells was guanine nucleotide exchange factor for RalA, further implicating PLD in Ras-induced tumorigenesis.
Thus, it is possible that the survival of cancer cells with activating mutations to Ras genes may depend on PLD and the downstream targets of PLD signaling that includes mTOR (5) . These studies suggest that suppression of the Ras signals that target RalA could suppress the survival signals mediated by PLD.
The therapeutic targeting of survival signals in cancer cells has obvious appeal because, in principle, suppression of survival signals will result in apoptosis. Honokiol is a natural product isolated from an extract of seed cones from Magnolia grandiflora with antimicrobial activity (19) . Honokiol has more recently been found to have antiangiogenic properties and blocked tumor growth in mouse xenografts (20) . Honokiol was reported to induce caspase-dependent apoptosis in B-cell chronic lymphocytic leukemia cells (21) , and to inhibit the bone metastatic growth of human prostate cancer cells (22) . In this report, we have evaluated the effect of honokiol on PLD activity in human cancer cells with elevated PLD activity. We report here that honokiol suppresses Ras activation and potently suppresses Ras-dependent PLD activity induced by the stress of serum withdrawal in cancer cells and induces apoptosis.
Materials and Methods
Cells and cell culture conditions. All human cancer cell lines used in this study were obtained from the American Type Culture Collection and were maintained in DMEM with 10% bovine calf serum (Sigma). Cos1 cells were maintained in DMEM and 5% fetal bovine serum as described previously (23) .
Materials.
[ 3 H]Myristic acid was obtained from New England Nuclear. Precoated silica 60A TLC plates were from Whatman. Honokiol was purified according to the method of Amblard et al. (24) . Antibodies against HIF2a and hemagglutinin were obtained from Santa Cruz Biotechnology. Antibodies raised against poly-(ADP-ribose) polymerase (PARP), actin, ribosomal subunit S6 kinase (S6K), phosphorylated-S6K, eukaryotic initiation factor 4E binding protein 1 (4E-BP1), and phosphorylated-4EBP1 were purchased from Cell Signaling Technologies. Phosphatidylethanolamine, phosphatidylcholine, and phosphatidylinositol-4,5-bis-phosphate were purchased from Avanti Polar Lipids. H]phosphatidylcholine was purchased from Perkin-Elmer Life Sciences.
Plasmid vectors. Vectors used were pcDNA3.1(-) (Invitrogen) and pcDNA3.1(-)-S17NRas, which was constructed by inserting the S17N Ras gene from pCMV-S17NRas (Clonetech) using flanking EcoR1 and BamH1 sites. They were constructed by PCR amplification of the corresponding cDNAs and cloned into the EcoRI site of pcDNA3.1 (-) (Invitrogen). The ADP ribosylation factor (ARF) vectors pcDNA3.1-ARF1T31N and pcDNA3.1-ARF6T27N were described previously (25) . The generation of the pCGN vectors expressing hemagglutinin-tagged Sos and Ras were described previously (26) . The S28N RalA mutant cloned into pcDNA3.1(-) was described previously (27) .
Western blot analysis. Extraction of proteins from cultured cells and Western blot analysis of extracted proteins was done using the enhanced chemiluminescence system (Amersham) as described previously (9) .
Ras activation assays. Cells were harvested and lysates were prepared and treated with the Ras-binding domain of Raf1 (Pierce) according to the vendor's instructions. Ras-GTP bound to the Raf1-binding domain was recovered and subjected to Western blot analysis using a Pan-Ras antibody supplied with the Ras activation assay kit. For the Cos1 cell assays, a hemagglutinin antibody was used to bind the ectopically expressed Ras and Sos proteins.
Cell viability and apoptosis. Cell viability was determined by trypan blue exclusion. After various treatments, cells were harvested, washed, and treated with trypan blue at a concentration of 0.4% w/v. After 10 min, trypan blue uptake (dead cells) was determined by counting on a hemocytometer. Apoptosis was evaluated by examination of cleavage of the caspase-3 substrate PARP as described previously (9) .
Phospholipase D assays. For in vivo PLD activity, cells were plated in 60-mm culture dishes in DMEM with 10% serum at a density that Fig. 1 . Stress-induced PLD activity in MDA-MB-231cells is dependent on Ras and RalA. A, MDA-MB-231cells were plated; 24 h later, the cells were placed in fresh medium containing either 10% or 0.5% serum. Eighteen hours later, [ 3 H]myristate was added; 4 h later, BtOH (0.8%) was added for 20 min, at which time the cells were harvested and the extracted membrane lipids were separated byTLC to determine the levels of the transphosphatidylation product phosphatidyl-BtOH (PBt). The levels of PLD1, PLD2, and actin were determined using Western blot analysis using the corresponding antibodies. B, MDA-MB-231cells were plated and then transiently transfected with an empty vector control or vectors that express either an S17N Ras, aT31N ARF1, aT27N ARF6, or an S28N RalA mutant 24 h later. The cells were placed in medium containing 0.5% serum 24 h later, and the PLD activity was determined as in A after an additional 24 h. C, MDA-MB-231cells were plated as in A and placed in either 10% or 0.5% serum 24 h later. At this point, the cells were harvested and lysates were prepared and treated with the Ras-binding domain of Raf1 (Pierce) according to the vendor's instruction. Ras-GTP bound to the Raf1-binding domain was recovered and subjected to Western blot analysis using a Pan-Ras antibody supplied with the Ras activation assay kit. One milligram of protein from whole-cell lysates was used for the Ras pull-down assay, and 20 Ag of whole cell lysates were loaded onto the gel used for the Western blot. Each experiment was repeated at least twice with equivalent results.
would allow them to grow to f80% confluence after 2 d; then, cells were shifted to DMEM containing 0.5% or 10% serum, as indicated in the figure legends, overnight. Cells were then prelabeled for 4 h with [ 3 H]myristate (3 ACi, 40 Ci/mmol) in 3 mL of medium. PLD catalyzed transphosphatidylation in the presence of 0.8% 1-BtOH, and the extraction and characterization of lipids by TLC were done as described previously (28) . For in vitro PLD activity, assays were done with exogenous substrate as described previously (29) . Briefly, PLD activity was measured by the release of [methyl- H]choline was separated from precipitated lipids and proteins by centrifugation and was analyzed by liquid scintillation counting. The counts present in the absence of added enzyme (i.e., background) were subtracted from other samples. ADP-ribosylation factor 1 (Arf1), PLD1, and PLD2 used in these assays were prepared as described previously (29) .
Results
Stress-induced PLD activity in MDA-MB-231 cells is dependent on Ras. We previously reported that serum withdrawal led to increased PLD activity in MDA-MB-231 cells (10) . As shown in Fig. 1A , the increased PLD activity was not due to any changes in the levels of the PLD isoforms PLD1 and PLD2. This suggested that the increased PLD activity observed in response to the stress of serum withdrawal was due to increased activity, not increased protein levels. The regulation of PLD activity has been reported previously to involve a GTPase cascade of Ras and RalA (1). RalA, which constitutively associates with PLD1 (17), recruits ARF GTPases into PLD complexes (27, 30) , where ARF actually stimulates the PLD activity of PLD1 (31) . We therefore examined the effect of dominant negative mutants for H-Ras, RalA, and ARF1 and ARF6, on the PLD activity in serumdeprived MDA-MB-231 cells. As shown in Fig. 1B , dominant negative mutants for H-Ras, RalA, and ARF all suppressed the stress-induced PLD activity in the MDA-MB-231 cells, indicating that Ras-RalA-PLD1 pathway (1) is activated. We next examined the effect of serum withdrawal on Ras activation in the MDA-MB-231 cells. As shown in Fig. 1C , serum withdrawal led to an increase in GTP-bound Ras, while having no effect on total Ras levels. This effect could be detected within 1 hour (Fig. 1C) . Because serum growth factors can also induce Ras activation, the surprising increase in Ras GTP binding observed on serum withdrawal may actually be more significant than what is observed. The data in Fig. 1 reveal that the increased PLD activity observed in response to the stress of serum withdrawal is dependent on both Ras and RalA, and that there is a rapid increase in Ras activation in MDA-MB-231 cells subjected to the stress of serum withdrawal.
Honokiol suppresses stress-induced PLD activity in MDA-MB-231 cells. Honokiol ( Fig. 2A) was recently reported to suppress the growth of MDA-MB-231 human breast cancer cells in a mouse xenograft tumorigenesis assay (32) . We reported previously that these cells depend on PLD activity for their survival and their ability to migrate in culture (9, 10, 14) . We therefore examined whether honokiol had any effect on the highly elevated PLD activity observed in MDA-MB-231 cells subjected to serum withdrawal. MDA-MB-231 cells were placed in medium containing either 10% or 0.5% serum for 18 hours, at which time the PLD activity was evaluated in the presence and absence of honokiol for 4 hours. As shown in Fig. 2B , honokiol completely suppressed PLD activity in the cells in 0.5% serum while having little effect on the basal PLD activity in the cells maintained in 10% serum. These data indicate that Fig. 2 . Honokiol suppresses stress-induced PLD activity in MDA-MB-231human cancer cells. A, the structure of honokiol. B, MDA-MB-231cells were plated as in Fig. 1and then shifted to either 10% serum or 0.5% serum overnight as indicated. Honokiol (20 Amol/L) or control ethanol was then added for 4 h as indicated, at which time the cells were harvested and the levels of phosphatidyl-BtOH were determined as in Fig. 1 . The experiment shown is representative of at least three independent experiments. C, the effect of honokiol on the activity of PLD isoforms was measured using exogenous substrate assay as described previously (29) . Partially purified proteins were incubated in the presence or absence of the indicated concentrations of honokiol for 30 min at 37jC. ARF-1was included in the PLD1assay because there is no activity without an Arf protein. The amount of background was determined and subtracted using a bovine serum albumin standard. Error bars, SD for triplicate values.
honokiol specifically suppresses the PLD activity elevated in response to the stress of serum withdrawal while having minimal effect on the basal PLD activity in the MDA-MB-231 cells.
Because honokiol suppressed the PLD activity elevated in response to the stress of serum withdrawal, we examined the effect of honokiol on in vitro PLD activity using purified recombinant PLD1 and PLD2 protein. As shown in Fig. 2C , honokiol had no significant effect on the activity of either PLD1 or PLD2. ARF-1 is required for the in vitro activity of PLD1 and was included in the reaction with PLD1. Thus, the effect of honokiol is likely upstream of either PLD1 or PLD2 in the MDA-MB-231 cells and targets a regulatory mechanism for activating PLD in response to the stress of serum withdrawal.
Honokiol suppresses Ras activation. As indicated in Fig. 1 , the PLD activity in MDA-MB-231 cells is dependent on Ras and RalA. Because honokiol suppressed the PLD activity in the MDA-MB-231 cells and this PLD activity was dependent on Ras, we examined the effect of honokiol on Ras activation in the MDA-MB-231 cells. We used a pull-down assay that uses the Ras-binding domain of Raf1, which recognizes GTP-bound Ras. As shown in Fig. 3A , honokiol suppressed the level of GTP-bound Ras. The effect honokiol on Ras activation was small but reproducible. This is likely due to the activated K-Ras present in these cells (33, 34) , which would give a high background of Ras GTP binding. MDA-MB-231 cells express high levels of the epidermal growth factor (EGF) receptor (35) and EGF stimulates both Ras activation and increased PLD activity (28, 36) . We therefore examined the effect of honokiol on Ras activation in response to EGF in the MDA-MB-231 cells. As shown in Fig. 3B , honokiol also suppressed the Ras activation induced by EGF in the MDA-MB-231 cells.
To further establish that honokiol was suppressing Ras activation, we examined the effect in Cos1 cells where background Ras activation was lower. Hemagglutinin-tagged Ras and Sos were transiently transfected into the Cos1 cells with excess Sos to stimulate Ras activation as described previously (37) . Twenty-four hours later, the cells were then shifted to Fig. 3 . Honokiol suppresses Ras activation. A, MDA-MB-231cells were plated and then placed in medium containing 0.5% medium 24 h later. Twenty-four hours later, the cells were treated with either DMSO or honokiol (Hon ; 20 Amol/L) as indicated for 2 h. At this point, the cells were harvested and lysates were prepared and treated with the immobilized Ras-binding domain of Raf1as in Fig. 1 . Ras-GTP bound to the Raf1-binding domain was recovered and subjected to Western blot analysis using the Pan-Ras antibody. Total Ras in the cell lysates and actin levels were also examined by Western blot analysis. B, MDA-MB-231cells were plated and 24 h later were shifted to medium containing 0.5% serum. The cells were then treated with EGF (200 ng/mL) for 10 min. The cells were also treated with honokiol (20 Amol/L) before the addition of EGF for the times indicated. The levels of GTP-bound Ras, total Ras, and actin were then determined as in A . C, Cos1cells were transfected with plasmids expressing hemagglutinin-tagged Ras (50 ng) and Sos (500 ng) for 24 h. The cells were placed in serum-free medium overnight in the presence of increasing concentration of honokiol. Cells were then collected and Ras activation was determined using the pull-down assay as above. Levels of Ras-GTP, Sos, and Ras were determined by Western blot analysis using an antibody that recognized hemagglutinin. D, Cos1cells were transfected with the plasmid expressing hemagglutinin-tagged Ras (50 ng) for 24 h. The cells were placed in serum-free medium overnight in the presence and absence of honokiol (50 Amol/L) as indicated. Cells were then stimulated with 100 ng/mL EGF for the indicated times (min) and Ras activation was determined as in A. E, Cos1cells were transfected with plasmids expressing hemagglutinin-tagged Ras (10 ng) and Sos (100 ng) for 24 h. The Sos plasmid was not included in the lane at the far right. The cells were placed in serum-free medium overnight in the presence and absence of honokiol (50 Amol/L) as indicated. Cells were then stimulated with 100 ng/mL EGF for the indicated times (min) and Ras activation was determined as in A. Experiments shown are representative of at least two independent experiments. serum-free conditions in the presence of increasing concentrations of honokiol and the levels of Ras, Sos, and GTP-bound Ras was evaluated. As shown in Fig. 3C , honokiol strongly suppressed Ras-GTP levels at concentrations of 20 Amol/L and higher. We also examined the effect of honokiol on the ability of EGF to induce Ras activation in Cos1 cells. As shown in Fig. 3D , honokiol suppressed the ability of EGF to increase the level of GTP-bound Ras. This experiment used endogenous Sos and ectopically expressed Ras. As shown in Fig. 3E , the effect of honokiol was more pronounced when ectopically expressed Sos was introduced, indicating that Ras activation by Sos was affected. These data indicate that honokiol suppresses Ras activation.
Honokiol suppresses downstream targets of PLD survival signals. Elevated PLD activity in MDA-MB-231 cells has been reported to activate mTOR (9, 38) , which has been correlated with survival signals in human cancer cells (6) . Elevated expression of PLD was also shown to lead to increased phosphorylation of the mTOR substrates S6K and 4E-BP1 (7, 38) . We therefore examined the effect of honokiol on the phosphorylation of S6K and 4E-BP1. As shown in Fig. 4A , honokiol suppressed phosphorylation of both S6K and 4E-BP1. These data further indicate that honokiol suppresses PLD activity in MDA-MB-231 cells and moreover suppresses the phosphorylation of two mTOR substrates induced by PLD activity that correlate with survival signals in cancer cells.
We recently reported that PLD activity was required for the expression of HIF2a in the renal cell carcinoma cell line 786-O cells (13) . We therefore examined the effect of honokiol on HIF2a expression in these cells. As reported previously, 1-butanol, which prevents the production of the PLD metabolite phosphatidic acid, suppressed HIF2a expression in these cells (Fig. 4B) , confirming the dependence of HIF2a expression on PLD. Also shown in Fig. 4B is that honokiol suppresses HIF2a expression. The data in Fig. 4 show that honokiol suppresses two downstream effects of PLD-the activation of mTOR and HIF2a expression.
Honokiol induces apoptosis in MDA-MB-231 cells deprived of serum. We previously reported that suppression of PLD activity under conditions of serum withdrawal resulted in apoptosis (9, 13, 14) . We therefore examined the effect of honokiol on cell viability and cleavage of the caspase-3 substrate PARP-an indicator of apoptotic cell death-in the MDA-MB-231 and 786-O cells. We examined the effect of honokiol on cell viability and PARP cleavage in 0.5% serum after 4-and 24-hour honokiol treatment and in 10% serum after 24-hour honokiol treatment in the MDA-MB-231 cells. As shown in Fig. 5 , after 24 hours of honokiol treatment, cell viability was reduced and PARP cleavage increased in 0.5% serum but not in 10% serum. Importantly, the cells were still viable after 4 hours of honokiol treatment-the time point used in Figs. 1 and 2 where we evaluated the effect of honokiol upon PLD activity and on S6K and 4E-BP1 phosphorylation. A, MDA-MB-231cells were plated in DMEM with 10% serum. Forty-eight hours later, the cells were shifted to 0.5% for 16 h. Honokiol (20 Amol/L) or control ethanol was then added for the indicated times. The cells were then harvested and analyzed for levels of S6K, phosphorylated S6K (P-S6K), 4E-BP1, and P-4E-BP1by Western blot analysis as described previously (10) . B, 786-O cells were plated and then shifted to medium containing 0.5% serum 24 h later. Eighteen hours later, the cells were treated with 1-BtOH (0.8%), honokiol (20 Amol/L), and t-BtOH (0.8%) as indicated. Cell lysates were prepared 4 h later and examined for HIF2a and actin expression by Western lot analysis. The experiment shown is representative of two independent experiments. MDA-MB-231cells were plated in DMEM with 10% serum for 48 h then changed to DMEM with either10% or 0.5% serum overnight as indicated. Honokiol (20 Amol/L) or control ethanol was then added either at the time of changing medium (24-h time point), or 4 h before harvesting (4-h time point) as indicated. The cells were then examined for cell viability and PARP cleavage as described previously (9) . The Western blot is representative of at least three independent experiments. The error bars for cell viability represent the SD for triplicate samples from a representative experiment repeated thrice.
Honokiol also induced apoptosis in the 786-O cells (data not shown), where it has been shown that PLD and HIF2a are critical for survival (13, 39, 40) . These data indicate that honokiol can be used to suppress survival in these two cancer cell lines that rely on PLD activity for their survival under reduced serum conditions.
Honokiol suppresses stress-induced PLD activity and induces apoptosis in T24 bladder and Calu1 lung cancer cells. PLD activity is elevated in T24 bladder and Calu-1 lung cancer cells, and the PLD activity in these cells is elevated in response to serum withdrawal (10, 12) . T24 cells have an activated H-Ras mutant (41, 42) and Calu-1 cells an activated K-Ras mutant (43) . The PLD activity in both of these cell lines is dependent on Ras (12). We therefore examined the effect of honokiol on the PLD activity and survival of these human cancer cell lines. As shown in Fig. 6A , honokiol suppressed the stress-induced PLD activity while having little effect on the PLD activity observed in the presence of serum in both T24 and Calu-1 cells. We reported previously that the PLD activity in these cells was required for the survival of these cells in the absence of serum (12) . We therefore examined whether honokiol would induce apoptosis in T24 and Calu-1 cells subjected to serum withdrawal. As shown in Fig. 6B , honokiol induced cell death and PARP cleavage in these cells when these cells were placed in 0.5% serum. These data indicate that the effects of honokiol observed in MDA-MB-231 and 786-O cells could also be observed in other cancer cells where PLD has been implicated in survival signals.
Discussion
In this report, we have provided evidence that honokiol, a natural product isolated from Magnolia grandiflora, suppresses PLD survival signals in human cancer cells. The PLD activity in MDA-MB-231 cells examined was dependent on Ras, and honokiol also suppressed Ras activation in these cells. Honokiol was especially effective in cells where Sos was ectopically expressed, indicating that honokiol is suppressing Ras activation by Sos. Importantly, honokiol suppressed the PLD activity that is elevated in response to stress in MDA-MB-231, Calu1, and T24 cancer cells. This is the PLD activity that is critical for the survival of the cancer cells under the poorly vascularized conditions of an emerging tumor. These data indicate that honokiol could be a valuable reagent to target an apparent large number of human cancers that depend on PLD activity and Ras for their survival.
The PLD activity elevated in response to stress in the MDA-MB-231 cells was dependent on Ras in the MDA-MB-231 cells and also in the Calu1 and T24 cancer cells (12) . As shown in Fig. 1 , there was an increase in Ras activation in the MDA-MB-231 cells. This is interesting in that there is an activated K-Ras gene in the MDA-MB-231 cells. Similarly, there are activating mutations to Ras genes in both the Calu1 and T24 cells. We recently reported that the PLD activity in the T24 cells, where H-Ras is activated, is dependent on the expression of H-Ras; the PLD activity in the Calu-1 cells, where K-Ras is activated, is dependent on the expression of K-Ras (12) . This suggests that there is increased GTP binding on the mutated Ras genes upon serum withdrawal. However, it is also possible that the increased GTP-bound Ras represents activation of the nonmutated Ras-either the Ras protein encoded by the nonmutated wild-type allele or other Ras isoforms. In the case of the MDA-MD-231, that would mean that H-Ras was being activated or the wild-type K-Ras encoded by the nonmutant allele. We were unable to distinguish which Ras isoforms were being activated using isoform-specific antibodies to identify the Ras in the pull-down assays due to the lack of specificity of the antibodies. Honokiol blocks PLD activity in the 786-O cells where there is no activated Ras, 6 indicating that honokiol can suppress PLD activity in cells where there is no activated Ras. Thus, although it is not yet clear which Ras isoforms are being activated in response to the stress of serum withdrawal, it is possible that the activation of wild type Ras isoforms could play an important role in the survival of human cancer cells, at least in part by activating PLD.
Previous studies have suggested that honokiol can stimulate apoptosis by modulation of nuclear factor-nB (NF-nB) activation pathway (44 -46) . Interestingly, NF-nB has been shown to be downstream of both Ral and RalA (47, 48) . Thus, it is possible that both PLD and NF-nB are critical targets of honokiol action. We do not know whether there is any dependence of NF-nB action on PLD activity; however, the data reported here are consistent with the previous studies identifying NF-nB as a target of honokiol in that there are common upstream elements that are targeted by honokiolthat being Ras activation.
Honokiol has been shown previously to suppress tumor growth in mouse xenograft studies (20, 32, 44) . Recently, honokiol was shown to suppress the growth of MDA-MB-231 cells in a mouse xenograft study (32) . Importantly, the levels of honokiol used in the mouse xenograft studies were much higher than previously reported to get levels of plasma honokiol sufficient to suppress PLD activity in this study (49) . The observation that tumor growth is arrested, but not regressed, suggests that honokiol is not killing all of the cancer cells. As reported here, honokiol was more effective at killing cells when they were in low serum. Emerging tumors are poorly vascularized (50) and, therefore, with less exposure to serum growth factors and perhaps other factors in serum, cancer cells in a solid tumor mass could be more susceptible to the apoptotic effects honokiol. Because honokiol is apparently more effective in stressed cells, it might be possible to make honokiol more effective in vivo with combination therapies that target vascularization. The findings here indicate that honokiol has strong potential as an anticancer agent because it targets survival signal in cancer cells and has the potential to resurrect default apoptotic programs. Importantly, early studies with mouse models indicate that honokiol is well tolerated at high concentrations (20, 22, 44, 49) .
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